1. Introduction {#sec0005}
===============

Fluid intelligence (*Gf*) is broadly defined as the ability to problem-solve in novel situations and is commonly described as "non-verbal" intelligence ([@bib0110]; [@bib0175]). Researchers and clinicians commonly assess *Gf* abilities through abstract, relational reasoning tasks including figural matrices, numerical matrices, and figural analogies (for examples, see [@bib0125]). There is a general consensus that *Gf* abilities interact with a wide array of higher-order cognitive abilities including attention, executive functions, and working memory ([@bib0055]; [@bib0060]; [@bib0080]; [@bib0110]). Importantly, evidence shows that *Gf* has a major impact on academic achievement among children and adolescents ([@bib0140]; [@bib0145]; [@bib0295]). *Gf* is also known to be particularly sensitive to changes in neurological functioning, including changes associated with normative development ([@bib0060]; [@bib0170]; [@bib0190]). More specifically, neuropsychological assessments repeatedly show that *Gf* rapidly increases with age from early childhood through adolescence before reaching a plateau in young adulthood ([@bib0045]; [@bib0215]).

Concerning the underlying neurophysiology of intelligence and reasoning abilities, [@bib0185] have proposed one of the most popular theories on the neural basis of intelligence: the parieto-frontal integration theory (P-FIT). This model outlines a dispersed frontoparietal network of brain regions including lateral portions of prefrontal cortex, posterior portions of parietal cortex, as well as areas of the occipital and temporal cortices, which largely support performance on measures of general intelligence ([@bib0185]). Subsequent research specifically examining *Gf* in the brain have largely corroborated the P-FIT model as a neural network serving abstract reasoning abilities across development ([@bib0005]; [@bib0070]; [@bib0110]; [@bib0190]; [@bib0310]). Further, regions within the P-FIT model and the connections between them are known to undergo dramatic structural maturation from childhood through adolescence, including changes in gray matter volume, cortical thickness, and white matter integrity ([@bib0035], [@bib0040]; [@bib0075]; [@bib0290]), and those structural changes have been linked to differences in *Gf* abilities ([@bib0105]; [@bib0360]). Furthermore, functional MRI (fMRI) studies have also shown fluctuations in blood-oxygenation level-dependent (BOLD) activity within P-FIT regions during abstract reasoning tasks. However, investigations using fMRI to examine *Gf* abilities across development have been mixed, with some showing increases in BOLD in key regions and others showing decreases ([@bib0010]; [@bib0270]; [@bib0290]). Although it should be noted that *Gf* abilities have only rarely been studied in developing youth, and thus some of these discrepancies may be due to differences in the age range being studied, developmental sex differences, or task design factors.

While fMRI studies of *Gf* are relatively common, there is a paucity of work examining the oscillatory dynamics of neuronal activity serving abstract reasoning and other *Gf* abilities. Of the existing studies, several have associated alpha (8−12 Hz) event-related desynchronizations, or decreases in band-limited power, during complex cognitive tasks with *Gf*, with some evidence for sex differences in adults (e.g., [@bib0065]; [@bib0235]; [@bib0275]). Other adult studies using transcranial alternating-current stimulation (tACS) have suggested that both gamma (\>30 Hz) and theta (4−8 Hz) frequency stimulation affect abstract reasoning and logical performance ([@bib0240]; [@bib0245],[@bib0250]; [@bib0285], [@bib0280]), but these studies have not examined the inherent oscillatory dynamics of the underlying circuits during ongoing processing. Despite the known developmental changes in *Gf*, the neural oscillatory dynamics serving abstract reasoning and related abilities have seldom been studied in children and adolescents. Developmental changes in neural oscillatory dynamics are well appreciated ([@bib0095]; [@bib0155]; [@bib0325]; [@bib0330]; [@bib0335]; [@bib0375]), with some evidence for changes in *Gf-*implicated processes such as working memory ([@bib0095]) and sex-specific patterns of correlation with cognitive abilities ([@bib0025]; [@bib0340]). Additional studies have shown sexually-dimorphic age-related changes in spontaneous neural activity during rest (e.g., [@bib0085]; [@bib0130]; [@bib0135]; [@bib0205]; [@bib0210]; [@bib0255]). Such findings of sex differences in this domain are consistent with the literature on sex-specific developmental trajectories of cortical reorganization that directly relate to cognitive capacity in several high-order domains including attention and working memory ([@bib0015]; [@bib0020]).

In the current study, our goals were to elucidate the neural oscillatory dynamics serving *Gf* in a large sample of typically developing youth during middle childhood and adolescence. We begin by identifying the main neural oscillatory responses observed during a novel abstract reasoning task, and demonstrating that behavioral performance on widely accepted measures of *Gf* are correlated with performance on our abstract reasoning task. Then, we image these responses and examine whole-brain correlations between the strength of these neural oscillations and chronological age. Next, we evaluate sex differences in the relationships between neural oscillatory activity, age, and behavioral performance. Based on the literature (e.g., [@bib0065]; [@bib0240]; [@bib0250]), we hypothesized that our abstract reasoning task would elicit alpha desynchronizations (i.e., band-limited power decreases) and gamma and theta synchronizations (i.e., band-limited power increases) across frontoparietal regions. We also expected to see differential patterns of age-related change in neural oscillatory activity in males and females, demonstrating the sexually-divergent nature of neurodevelopment during the transition from middle childhood to adolescence.

2. Materials and methods {#sec0010}
========================

2.1. Participants {#sec0015}
-----------------

Seventy-two typically developing youth ages 10--16 years (*M*~age~ = 12.74 years, *SD* = 1.59; IQ: *M*~FSIQ-4~ = 113.62, *SD* = 14.08; 35 male) completed an abstract reasoning task as part of the National Science Foundation (NSF)-funded Developmental Chronnecto-Genomics (Dev-CoG) study. All participants were recruited from the University of Nebraska Medical Center (UNMC) site. Exclusionary criteria included inability to perform the task, any medical illness affecting CNS function, neurological or psychiatric disorder, history of head trauma, current substance abuse, any medication known to affect CNS function, and the MEG Laboratory's standard exclusion criteria (e.g., dental braces, metal implants, battery operated implants, and/or any type of ferromagnetic implanted material). Parents of child participants signed informed consent forms, and child participants signed assent forms before proceeding with the study. All procedures were approved by the UNMC Institutional Review Board.

2.2. Cognitive assessments {#sec0020}
--------------------------

The complete four-scale Wechsler Abbreviated Scale of Intelligence (WASI-II; [@bib0355]) was administered by a trained research assistant in a quiet room. Normed composite scores were derived for Full-Scale IQ-4 (FSIQ-4) and the Perceptual Reasoning Index (PRI; a measure of fluid intelligence) in accordance with the publisher recommendations. The WASI-II is known to have high reliability and validity in children and adolescents ([@bib0180]; [@bib0220]). One child in our sample did not complete the WASI-II due to test anxiety.

2.3. MEG experimental paradigm {#sec0025}
------------------------------

Participants completed a custom, MEG-compatible non-progressive abstract reasoning task that was adapted from the classic Raven's Progressive Matrices (Raven, 1936; Raven et al., 2003). Participants were shown a centrally-presented fixation cross in a 4 × 4 grid for a jittered period of 2750 ms ± 250 ms (see [Fig. 1](#fig0005){ref-type="fig"}). Either the bottom left or bottom right box was highlighted. An array of four complex figures was then presented for 4000 ms. Participants were instructed to determine whether the complex figure in the highlighted box accurately completed the 4 × 4 grid given the pattern of shapes/colors in the other three boxes. Participants responded by pressing a button with their right index finger if the highlighted figure correctly completed the matrix, or by pressing a button with their right middle finger if the highlighted figure did *not* correctly complete the matrix. There were a total of 120 trials, equally split and pseudorandomized between correct and incorrect matrix completions. The task lasted approximately 14 min total with a 30 s break at the mid-point.Fig. 1The abstract reasoning task. Each trial began with a centrally-located fixation cross amid an empty 4 × 4 grid for 2750 ± 250 ms. One box, either the bottom left or bottom right, was highlighted with a white outline. The grid was then filled with complex figures for 4000 ms. Participants were instructed to respond as quickly as possible with a button press indicating whether the figure in the highlighted square correctly completed the matrix.Fig. 1

2.4. MEG data acquisition {#sec0030}
-------------------------

Neuromagnetic responses were acquired within a magnetically-shielded room using an Elekta MEG system with 306 sensors (102 magnetometers and 204 planar gradiometers; Elekta, Helsinki, Finland). Signals were sampled at 1 kHz with an acquisition bandwidth of 0.1--330 Hz. Each MEG data set was corrected for head motion, and the signal space separation method with a temporal extension (tSSS; [@bib0315]; [@bib0320]) was applied for noise reduction. Further details are provided in several recent papers ([@bib0095]; [@bib0195]; [@bib0300]; [@bib0370]).

2.5. MEG coregistration and structural MRI processing {#sec0035}
-----------------------------------------------------

The MEG coregistration procedure, MRI acquisition and processing, and spatial normalization of images to Talairach space followed a standard pipeline that has been reported in previous manuscripts associated with the Dev-CoG project ([@bib0095]; [@bib0325]).

2.6. MEG time-frequency transformation and statistics {#sec0040}
-----------------------------------------------------

The continuous magnetic time series was divided into epochs (duration: 6500 ms), beginning −2500 ms prior to the onset of the matrix stimuli and extending 4000 ms afterward. The baseline period was defined as -1800 to −800 ms prior to the onset of the matrix stimuli to minimize any anticipation effects. Signal-space projection (SSP) was used to remove cardiac and eye blink artifacts from the MEG data, and this was accounted for during source reconstruction ([@bib0345]). Artifactual epochs (e.g., those containing muscle artifacts, eye blinks/saccades, coughing, swallowing, etc.) were rejected based on a fixed-threshold method that was supplemented with visual inspection. Amplitude and gradient distributions per person were computed using all trials, and the trials with the highest amplitude and/or gradient values relative to the total distribution were excluded. Of note, individual signal amplitude (*M* = 1432.61 fT, *SD* = 398.51) and gradient (*M* = 92.20 fT/s, *SD* = 24.63) thresholds were set for each participant due to differences among individuals in sensor proximity and head size, which strongly affect MEG signal amplitude. An average of 96.25 trials (*SD* = 7.97) per participant remained for further analysis after artifact rejection.

Following artifact rejection, complex demodulation was used to transform all remaining epochs into the time-frequency domain (resolution: 2.0 Hz, 25 ms). The resulting spectral power estimations (per sensor) were averaged over trials and then normalized using the respective bin\'s baseline power, which was defined as the mean power during the -1800 to −800 ms window. Statistical analysis of the sensor-level spectrograms across all trials and gradiometers were used to determine the precise time-frequency windows used for source imaging. This analysis was limited to the first 1000 ms following stimulus onset, which was selected to maximize focus on the abstract reasoning components, while minimizing the impact of other neural responses (e.g., motor) occurring during each trial. The sensor-level statistical analysis followed an established two-stage procedure that was designed to minimize the risk of false-positive results while also maintaining reasonable sensitivity (see [@bib0225]; [@bib0265]; [@bib0365]). Briefly, two-tailed paired-sample *t*-tests versus baseline were performed on each data point per spectrogram, and the resulting *t*-values were thresholded at *p* \< .05. The time-frequency bins that survived the threshold were clustered with temporally and/or spectrally neighboring bins that also exceeded the threshold. A distribution of cluster values was then derived using nonparametric permutation testing and the significance level of the observed clusters was tested directly using this distribution ([@bib0100]; [@bib0200]). At least 10,000 permutations were computed to build a distribution of cluster values for each comparison. The significant time-frequency windows that were identified through this analysis were subjected to the beamforming analysis (see "Sensor-Level Results" in the Results section).

2.7. MEG source imaging and statistics {#sec0045}
--------------------------------------

An extension of the linearly constrained minimum variance vector beamformer ([@bib0150]; [@bib0165]; [@bib0350]), called Dynamic Imaging of Coherent Sources (DICS; [@bib0150]) was used to image cortical activity. This approach uses spatial filters in the frequency domain to estimate source power across the whole brain volume. The technical details of this approach is described at length in the papers cited, and the specific application used here has been described in our recent papers (e.g., [@bib0095]; [@bib0155]; [@bib0265]; [@bib0305]; [@bib0370]). MEG preprocessing and imaging were completed using BESA (V 6.1) software.

Using the statistically selected time-frequency bands (see below) normalized differential source power was computed over the entire brain volume per participant (4.0 × 4.0 × 4.0 mm). The resulting 3D volumes of neural activity were averaged across all participants to assess the neuroanatomical distribution of each significant oscillatory response that was identified through the sensor-level analysis. Whole-brain correlations were then computed between the participant-level maps and chronological age in hundredths of years to examine developmental changes in the neural responses, and then separately for males and females. Sex effects in correlational maps were tested using Fisher's *r* to *Z* transformations. All maps were threshold at a significance level of *p* \< .001 and corrected for multiple comparisons using a cluster criterion (\> 300 contiguous voxels), which was a conservative estimate based on the spatial smoothness of the image.

Finally, we conducted follow-up analyses to examine whether the neural oscillatory activity identified in our developmental analyses related to behavioral performance on the task. Specifically, we examined whether oscillatory activity measured at the peak of each identified cluster mediated the relationship between age and task performance (i.e., reaction time and accuracy). Because traditional tests of indirect effects (e.g., the Sobel test) often violate the assumption of normality, we utilized asymmetrical confidence intervals which best represent the true distribution of the indirect effect (i.e., the product of coefficients from the "a" and "b" paths). Thus, we examined the 95 % confidence intervals of bias-corrected bootstrapped confidence intervals based on 1000 bootstrapped samples [@bib0090]), which provide a robust estimate of mediation effects and are asymmetrical ([@bib0120]). Mediation analyses were conducted in Mplus version 8.1.

3. Results {#sec0050}
==========

3.1. Demographic data and behavioral results {#sec0055}
--------------------------------------------

Of the 72 participants who completed the task, five participants were excluded due to poor performance on the task (\< 60 % correct overall) and an additional 21 participants were excluded due to technical issues during MEG/MRI data collection, excessively noisy or artifact-riddled data, and/or other artifacts or errors during data processing. Thus, the final sample consisted of 46 youth (*M*~age~ = 12.96 ± 1.65 years; fluid intelligence: *M*~PRI~ = 109.31 ± 15.20; 22 male). Average accuracy on the task was 82.55 ± 7.36 %, and average reaction times were 1966.09 ± 317.01 ms. All artifact-free trials were utilized in the final MEG analyses to maximize the signal-to-noise ratio, although we also ran the MEG analyses using the correct-only trials and this yielded very similar conclusions. The number of trials included in the final analyses did not significantly correlate with age, *r* = 0.22, *p* = .14.

There was a significant correlation between age and accuracy such that older youth tended to perform better on the task, *r* = -0.34, *p* = .02. Additionally, reaction time was correlated with age such that older youth tended to respond faster than their younger peers, *r* = -0.41, *p* = .005 (see [Fig. 2](#fig0010){ref-type="fig"}a-b). Accuracy and reaction time were significantly related, suggesting that youth who were more accurate on the task also tended to respond more quickly, *r* = -0.50, *p* \< .001 (i.e., reverse speed-accuracy tradeoff). Finally, both accuracy and reaction time correlated with participants' *Gf* scores, as indexed by the PRI composite of the WASI-II. Youth with greater *Gf* abilities tended to have higher accuracy, *r* = 0.50, *p* \< .001, and faster reaction times, *r* = -0.31, *p* = .04, than participants with lower *Gf* (see [Fig. 2](#fig0010){ref-type="fig"}c-d). This finding is important as it supports the validity of our novel abstract reasoning task as a measure of *Gf* in this population. Finally, two-sample *t* tests revealed no significant differences between males and females in either reaction time or accuracy, nor were their sex differences in PRI scores or overall WASI-II 4-scale composite scores.Fig. 2Correlations between task performance, fluid intelligence, and chronological age. a) significant correlation between age and reaction time; b) significant correlation between age and accuracy; c) significant correlation between fluid intelligence (*Gf*) and reaction time; d) significant correlation between fluid intelligence (*Gf*) and accuracy.Fig. 2

3.2. Sensor-level results {#sec0060}
-------------------------

Statistical evaluation of the time-frequency spectrograms showed a significant theta increase from 4 to 8 Hz in central and frontal sensors from 100−500 ms. Additionally, there was an alpha/beta decrease between 475−1000 ms that spanned from 8 to 22 Hz, and a gamma increase between 175−975 ms from 64−92 Hz, both observed across bilateral posterior sensors (*p'*s \< 0.001, corrected; [Fig. 3](#fig0015){ref-type="fig"}). The neural populations generating each of these three time-frequency responses were then imaged separately in each participant, and examined statistically for developmental and sex effects.Fig. 3Spectrograms and source reconstructions. Time-frequency decomposition and permutation-corrected statistical analyses indicated three time-frequency bins with significant responses (*p* \< .05, corrected) relative to baseline during the first 1000 ms period of interest. These included theta activity (4-8 Hz; bottom left) from 100-500 ms, alpha/beta activity (8-22 Hz) from 475-1000 ms, and gamma activity (64-92 Hz) from 175-975 ms. The statistical analyses included all gradiometers, but shown here are the sensors most clearly showing the response (i.e., M1123 for theta, M2243 for alpha/beta, and M2042 for gamma). To the right are the grand-averaged source reconstructions per time-frequency bin across participants. As shown, theta responses were detected across a widespread network, whereas alpha/beta and gamma responses were largely constricted to parietal and/or occipital cortices.Fig. 3

3.3. Functional mapping results {#sec0065}
-------------------------------

Beamformer images per time-frequency bin were initially averaged across all participants. These grand-average maps revealed an early increase in theta that extended broadly across frontal and parietal cortices, with additional smaller peaks in temporal and occipital areas (see [Fig. 3](#fig0015){ref-type="fig"}). There were also strong decreases in alpha/beta across bilateral occipital regions, with an additional peak in the left inferior parietal lobule. Finally, increased gamma activity was more isolated, with the grand-averaged beamformer reconstruction images implicating primarily occipital cortex ([Fig. 3](#fig0015){ref-type="fig"}).

We evaluated developmental effects by correlating each of these functional maps (i.e., theta, alpha/beta, and gamma) with chronological age. Interestingly, theta activity along the calcarine fissure was positively correlated with age, as was a region of the right cerebellar cortices (*p'*s \< 0.001, corrected; see [Table 1](#tbl0005){ref-type="table"} and [Fig. 4](#fig0020){ref-type="fig"}). Thus, older youth tended to exhibit stronger theta responses compared to their younger peers within these regions during the abstract reasoning task. No brain regions in the alpha/beta nor gamma functional maps were statistically correlated with age at our conservative threshold. Next, we tested whether there were sex differences in the developmental trajectories by computing these correlations separately for males and females and then using Fisher's *r* to *Z* transformations. These analyses revealed robust sex differences in the correlations between theta activity and age. Specifically, males had significantly stronger positive correlations between theta activity and age in distributed areas of frontal, temporal, and parietal cortices (*p'*s \< 0.001, corrected; see [Table 1](#tbl0005){ref-type="table"} and [Fig. 5](#fig0025){ref-type="fig"}), including the left dorsolateral prefrontal cortices, left inferior and middle frontal gyri, left middle and inferior temporal gyri, superior and inferior parietal cortices, as well as visual cortices in the occipital region ([Fig. 5](#fig0025){ref-type="fig"}). In other words, with increasing age, males exhibited greater theta synchronization across a distributed network of brain regions compared to their female peers.Table 1Significant clusters for each analysis.Table 1Region/Correlation of InterestXYZStatistic***Theta Activity with Chronological Age****r*L calcarine−5−949.51R cerebellum18−84−35.52***Sex Differences in Theta with Chronological Age (Male \> Female)****Fisher's Z*R superior frontal gyrus20−11653.98R superior frontal gyrus1525483.30L dorsolateral prefrontal cortex−4215354.41L inferior frontal gyrus−344074.33L pre-supplementary motor area−1214583.76L inferior temporal sulcus−58−6−204.09R inferior parietal lobule49−31524.00R inferior parietal lobule55−43443.46R precuneus2−71553.33L cuneus−14−89243.65Fig. 4Correlations between theta activity during task performance and chronological age for the full sample. (Left) Maps have been thresholded at *p* \< .001, corrected, and show regions of occipital and cerebellar cortices. (Right) Scatterplot showing the correlation between the peak in occipital cortices and chronological age, with the *r* and *p*-values embedded.Fig. 4Fig. 5Sex differences in the correlation between theta activity and chronological age. (Top) Fisher's *r* to *Z* map showing significant sex differences in the developmental trajectory of theta activity during abstract reasoning. In all cases, males exhibited a significantly greater positive correlation between theta amplitude and chronological age relative to females. Maps have been thresholded at *p* \< .001, corrected. (Bottom) Scatterplots demonstrating specific correlations obtained from peak voxels within several representative regions.Fig. 5

3.4. Direct & indirect links between neurophysiology and abstract reasoning performance {#sec0070}
---------------------------------------------------------------------------------------

Given the robust age-by-sex interactions in the distributed frontoparietal network, we examined whether theta activity in the 10 significant clusters ([Table 1](#tbl0005){ref-type="table"}) was associated with task performance, thereby deciphering the functional relevance of these neural signatures to abstract reasoning abilities. Thus, we performed a series of mediation analyses examining whether theta synchronization in the identified regions mediated the relationship between age and task performance (i.e., reaction time and accuracy) separately for males versus females. We first determined the direct effect of age on both accuracy and reaction time using a simple group-based path analysis, which simultaneously calculated the effects for males versus females; these results are shown in [Fig. 6](#fig0030){ref-type="fig"}. In short, there is a significant direct effect of age on reaction time, but not accuracy among males, whereas females showed the opposite effect. The data suggest an immediate differentiable pattern of developmental influences on task behavior between males and females. To reiterate the earlier findings noted above, males and females did not differ in *mean* reaction time or accuracy.Fig. 6Results of the group-based path analysis exploring the direct effect of age on both reaction time (RT) and accuracy (Acc). Dashed gray lines indicate a relationship that is not statistically significant at the p \< .05 level; solid lines indicate statistically significant relationships. Single-headed arrows show predictive relationships, and double-headed arrows show correlations. All reported parameters are standardized coefficients.Fig. 6

We then tested the conceptual model shown in [Fig. 7](#fig0035){ref-type="fig"}, which assessed the extent to which theta synchronization measured at the peak of each of the identified clusters significantly mediated the effect of age on task performance. We found several statistically significant indirect effects of theta synchronization on the relationship between age and task performance (see [Table 2](#tbl0010){ref-type="table"}). Among males in the study, theta activity within right superior frontal gyrus, left dorsolateral prefrontal cortex, and the right inferior parietal lobule fully mediated the relationship between age and reaction time during the abstract reasoning task. In each case, increasing age predicted increased theta synchronization, and increased theta synchronization predicted faster reaction times. There were no significant indirect effects of theta synchronization on the relationships between age and accuracy among males, which was not altogether surprising given that the direct effect of age on accuracy was not statistically significant in the original model ([Fig. 6](#fig0030){ref-type="fig"}).Fig. 7The conceptual mediation model tested. Theta synchronization is assessed as a mediator of the relationship between age and reaction times (RT) and accuracy (Acc), separately for males versus females using a multi-group analysis approach.Fig. 7Table 2Results of the mediation analyses, demonstrating the a, b, and c\` paths as well as total indirect effects for each analysis.Table 2Reaction TimeMaleFemalePathPathClusterab~1~c~1~\`Indirectab~1~c~1~\`IndirectR SFG.47\*−.27−.37−.13−.52.090−.24−.047R SFG.59\*\*\*−.39−.27**−.23**\*−.35\*\*\*−.17−.35.059L DLPFC.68\*\*\*−.56\*−.12**−.38**\*−.51\*\*\*−.030−.30.015L IFG.61\*\*\*−.35−.29−.21−.58\*\*−.068−.33.039L Pre-SMA.43\*−.21−.41\*−.092−.58\*\*−.41\*−.52\*\***.24**\*L ITS.64\*\*\*−.34−.28−.22−.49\*\*.13−.23−.063R IPL.72\*\*\*−.24−.33−.17−.33\*−.23.18−.060R IPL.58\*\*−.49−.21**−.29**\*−.35\*.13−.24−.047R Precuneus.51\*\*−.35−.33−.18−.46\*.17−.21−.077L Cuneus.76\*\*\*−.42−.19−.32−.11.48\*−.23−.053AccuracyMaleFemalePathPathClusterab~2~c~2~\`IndirectAb~2~c~2~\`IndirectR SFG.47\*.24.11−.011−.52−.30.22.16R SFG.59\*\*\*.26.13.063−.35\*\*\*.20.45−.071L DLPFC.68\*\*\*−.022.32.18−.51\*\*\*.40\*.58\*\***−.20**\*L IFG.61\*\*\*.55\*−.025.33−.58\*\*.54\*\*.69\*\***−.32**\*L Pre-SMA.43\*.35.16.15−.58\*\*.23.51−.13L ITS.64\*\*\*.33.097.21−.49\*\*.30.52\*−.15R IPL.72\*\*\*.29.096.21−.33\*.066.40\*−.022R IPL.58\*\*.089.26.052−.35\*−.035.37.012R Precuneus.51\*\*.028.29.014−.46\*−.001.38.001L Cuneus.76\*\*\*.18.17.14−.11−.18.36.020[^1][^2]

For females, we detected two statistically significant partial mediations on the relationship between age and accuracy (see [Table 2](#tbl0010){ref-type="table"}). Specifically, increasing age predicted decreased theta synchronization in the left dorsolateral prefrontal cortex and inferior frontal gyrus, which then predicted increased accuracy on the task. There was also a significant indirect effect on the relationship between age and reaction times among females such that increasing age predicted decreased theta synchronization in the left pre-supplementary motor area, which then predicted faster reaction times on the task. Interestingly, the data suggest a significant suppressor effect; the original, direct effect of age on reaction time was not statistically significant for females. However, when accounting for the mediating effect of theta activity in left pre-supplementary motor area, the path from age to reaction time (c\`) increased in magnitude and achieved statistical significance *in addition to* the significant indirect effect of theta activity.

4. Discussion {#sec0075}
=============

The present study examined the neural oscillatory dynamics underlying abstract reasoning abilities using MEG in a cohort of typically developing youth. Behaviorally, we found that greater *Gf* abilities and older chronological age were associated with both increased accuracy and faster reaction times on the abstract reasoning task, which supports the veracity of our novel task as a measure of *Gf*, and additionally suggests strong cognitive-developmental influences on task performance. Importantly, there were no significant differences in behaviorally assessed *Gf* abilities, or in accuracy or reaction time during the abstract reasoning task between males and females.

Examination of oscillatory activity during task performance revealed three distinct time-frequency windows of interest: 1) an early theta (4−8 Hz) synchronization from 100−500 ms, 2) an alpha/beta (8−22 Hz) desynchronization from 475−1000 ms, and 3) a high-frequency gamma (64−92 Hz) synchronization from 175−975 ms. Theta activity was relatively distributed across much of the cortex including frontal, parietal, and occipital areas, whereas alpha/beta and gamma responses were more confined to the bilateral occipital cortex. Alpha/beta activity was also found in the left inferior parietal lobule. These findings corroborate prior work examining the P-FIT model of the neurobiological basis of intelligence ([@bib0005]; [@bib0185]). Specifically, the abstract reasoning task in the present study elicited cortical responses within the frontal, parietal, and occipital regions of the cortex believed to serve *Gf* abilities.

Our key findings were the significant changes in oscillatory responses as a function of chronological age, both at the full-group level and differentially between males and females. For the full sample, theta activity surrounding the calcarine fissure and in cerebellar cortices increased as a function of increasing chronological age, suggesting that older youth generally had stronger theta oscillatory activity within these regions compared to their younger peers during task performance. Perhaps more interestingly, the data revealed a robust, differential pattern of cortical theta activity between males and females. Overall, males exhibited stronger theta oscillations with increasing age across a distributed network of regions, including many of the P-FIT model regions, whereas females showed *reduced* cortical theta with development across these same brain regions. Importantly, these findings emerged without any notable differences in mean task performance between sexes (either reaction time or accuracy), garnering support that the differences in cortical oscillatory activity likely reflect differences in either local neural efficiency or larger-scale network maturation, and were not confounded by performance differences.

Interestingly, our follow-up analyses indicated that only specific regions of neural oscillatory activity significantly mediated the relationship between age and abstract reasoning task performance. Among males, *increased* theta synchronization in superior frontal gyrus, dorsolateral prefrontal cortex, and inferior parietal lobule fully explained the association between increasing age and faster reaction times. Conversely, among females, *decreased* theta synchronization in dorsolateral prefrontal cortex and inferior frontal gyrus partially explained the relationship between increasing age and better accuracy on the task. The specific relationship between activity in these regions and abstract reasoning task performance further corroborates the P-FIT model of fluid intelligence ([@bib0185]), and strengthens support for the conclusion that the neural networks underlying abstract reasoning abilities follow sexually-divergent developmental trajectories between during adolescence.

Similar developmental sex differences in cortical oscillatory activity during high-order cognitive processing were recently reported ([@bib0095]), although the prior study used a verbal working memory task and the key findings were restricted to the alpha band. Furthermore, the study found no developmental sex differences in performance on the task ([@bib0095]), which is in agreement with our findings and may also support the interpretation that the oscillatory differences are related to developmental changes in local neural efficiency (i.e., that the circuits are more efficient in young females) or network level maturational differences. Of note, another recent study examining the developmental trajectory of motor-related oscillations did not find sex differences ([@bib0325]), which may indicate that such effects are limited to higher-order cognitive tasks. Unfortunately, beyond this work, sex differences in the developmental trajectory of neural oscillatory dynamics related to intellectual capacity have scarcely been studied, with the literature primarily examining oscillations recorded during sleep (e.g., [@bib0025]; [@bib0340]). However, these studies do suggest that adolescence is a critical period for the development of cortical infrastructure serving higher-order cognitive abilities.

It is important to note that all of our neurodevelopmental findings were detected within theta-band activity. Theta has been associated with a variety of cognitive functions, including memory processing, coordinating streams of information processing, discretely sampling sensory information, and regulating activity within other brain structures (for reviews, see [@bib0050]; [@bib0160]). Importantly, theta activity is thought to be critical in long-range communication between regions in distributed networks. For example, [@bib0230] demonstrated that theta oscillatory activity specifically within frontoparietal areas coordinates higher-order cognitive abilities such as working memory and executive function. Given the literature, coupled with findings from the present investigation, it is possible that females develop theta oscillatory mechanisms serving high-order cognition earlier than their male peers, leading to more efficient neural processing at a younger age. Future work should examine a larger age-range of individuals, from younger in childhood through adulthood, to more definitively determine the nature of theta oscillatory dynamics across development between males and females.

Before closing, it is important to acknowledge some limitations of this study. First, the task utilized in the study was difficult and somewhat long in duration, which led to exclusion of a number of participants at early stages of processing. Future work may choose to optimize the task parameters to be more suitable for children and to avoid performance- and movement artifact-based exclusions. Second, the present study did not include a normative adult sample. The literature examining neural oscillatory dynamics underlying *Gf* across the lifespan is sparse at best. Thus, it is difficult to interpret the lifespan implications of the developmental effects discovered in the present study. Future work should examine the neural oscillatory patterns elicited during the abstract reasoning task in adult samples, as well as younger child samples, to obtain a clearer image of the developmental trajectory of cortical activity serving *Gf*. Third, neural oscillatory activity generally localized to frontoparietal regions of the brain. These regions are known to be involved in a number of higher-order cognitive processes (e.g., [@bib0030]; [@bib0115]; [@bib0260]), thus it is difficult to ascertain whether activity in these regions is specifically tied to fluid intelligence, or may be better linked to other cognitive abilities (e.g., attention, cognitive control) required to successfully complete the task. Finally, the time-frequency bins which we statistically identified for beamforming (i.e., imaging) were defined using the full sample, rather than separately by sex. It is possible that males and females may exhibit differences in the spectro-temporal dynamics, and that our time-frequency windows were not optimal for detecting such differences in neural processing between males and females. Additional study could benefit from separately examining sex-specific time-frequency components.

To conclude, the current study examined the neural oscillatory dynamics serving abstract reasoning abilities in typically developing youth in the middle childhood and adolescent period. The findings corroborated prior structural and functional literature implicating a distributed frontoparietal network of cortical areas supporting intelligence and reasoning abilities, and provided new evidence on the underlying spectro-temporal dynamics, including widespread theta activity, alpha/beta dynamics, and high-frequency gamma responses. Further, theta oscillatory activity, which is known to underlie higher-order cognitive abilities in distributed neural networks, was identified as a critical oscillatory marker of *Gf*-related processing that varied by chronological age. Moreover, males and females in the study exhibited differential developmental trajectories of cortical theta oscillatory activity, despite similar performance on the task. There was also specificity in the relationship between theta activity and task performance, with increased frontal and parietal theta activity supporting faster reaction times in males, and decreased frontal theta activity supporting better accuracy among females. This latter finding suggests that the neural circuitry serving abstract reasoning and Gf may develop at different rates in males and females, and be more locally efficient (i.e., more developed) in females during the critical developmental period connecting childhood to adolescence (i.e., puberty transition). Future studies should focus on younger and older participants to map the entire developmental trajectory, and/or employ longitudinal models to identify the precise changes in neural dynamics that occur and their relationship to underlying hormonal changes.
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[^1]: Note: Indirect effects were calculated and assessed for statistical significant using the bias-corrected bootstrapped confidence intervals. Significant indirect effects have been bolded for visibility. All reported parameters are standardized coefficients.
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